T HE INTESTINAL ABSORPTION Of ir0I-l i n living ark-II& is regulated, partially at least, by the requirements for the mineral.
Studies in intact rats, for example, have demonstrated enhanced absorption following diets low in iron (I, 2) or decreased absorption following high iron diets (2, 3) . The prior observations in vivo, however, have not defined the sites or nature of the cellular mechanisms which control iron absorption (4) . Consequently everted gut sacs prepared from the proximal small intestine of the rat were used to study iron transport in vitro. The results described in preceding publications (5, 6) demonstrate active absorption of iron, i.e., against concentration and potential gradients, by a mechanism which involves two steps: uptake at the mucosal surface followed by net transfer to the serosal surface. In addition, experiments with loops of duodenum in vivo provide evidence that the two-step mechanism functions in the living rat, where mucosal uptake of iron is followed by transfer from the intestine to the blood stream (6) , i.e., toward the serosal surface. Further observations on the active transport of iron by gut sacs and by duodenal loops are described in the present report. The effects of single doses of oral Fe, the Fe content of the diet, and late pregnancy have been examined; the results support the hypothesis that the active transport mechanism can vary adaptively to regulate iron absorption in the living animal.
METHODS
Male albino rats of the Sherman strain were used throughout, except for the pregnant females and their nonpregnant controls of the same age. The methods for studying iron transport with everted gut sacs and with duodenal loops have been described (6) . For the diet experiments the purified diet powder previously described (7) was prepared to contain 0.5 % P, 0. transport, and progressive inhibition of both mucosal uptake and serosal transfer was observed with the higher doses. The relative inhibition of serosal transfer exceeded that of mucosal uptake throughout, and the proportion (% decrease in serosal transfer)/( % decrease in mucosal uptake) diminished progressively from 4.8 at the lowest dose to 1.5 at the highest. The endogenous iron content of the gut sacs was estimated as previously described (6), and the CL transported"
and "nontransported" pools, i.e., the pool of tissue iron which equilibrates with Fe6g transferred across the gut and the pool which does not, were determined.
Both pools of the tissue iron increased progressively with higher doses of FeS04, but the fraction transported pool/total iron decreased. Mean values for the total endogenous iron and for the fraction in the transported pool were 2 18 mpmoles/gut sac and 68 %, respectively, in rats given no Fe, as compared to in the 0.006, 0.056 and 0.56% groups. The effects of the diet were highly significant (P < o.oor ).
Inasmuch as administered iron need not influence the intestine directly in the living animal, experiments were designed to determine whether iron in vitro can inhibit the intestinal transfer mechanism. Duodenal segments from five or more rats were dissected free, everted, and incubated in one of three oxygenated media: a) the standard medium described previously (6) minus FeS04 (control medium); b) the standard medium with 2 X IO-~ M FeS04; or c) the standard medium without ascorbate and with 2 X IO-~ M FeCl3 in place of FeS04. After 30 min at 37 C, the segments were removed, and everted gut sacs were prepared and tested for transport in fresh medium containing Consequently the inhibition of transport which follows oral iron in vivo could result, in part at least, from a direct effect on the intestine.
The absorption of Fe 5g from duodenal loops in vivo was also decreased by a preceding dose of either 0.5 or 4.0 mg Fe by gastric tube. As indicated by the results in Table 3 , 3 hr after the higher dose mucosal uptake of Fe5g and transfer from the intestine to the blood stream were decreased 46 % and 80 %, respectively. Corresponding to the prior results with gut sacs, the relative inhibition of the second step exceeded that of mucosal uptake, and the ratio ( % decrease in the second step)/( % decrease in mucosal uptake) diminished from 3.7 at the lower dose to I .7 at the higher dose.
Effects (Fig. 3) . The mean weights for the O.OOOI, 0.006, and 0.56 % Fe groups were 83, ga, and 77 g, respectively. The very marked reduction in net transport of iron was still observed, however, between the 0.56 % group and the animals on the lower Fe diets. The reduction in transport, therefore, does not seem to be due primarily to the effect of a high Fe diet (see DISCUSSION) on growth.) Duodenal gut sacs were then tested, and no difference in net transport of Fe was observed between the 0.0001% (anemic) and the 0.006% groups, whereas marked reduction in transport was again noted with the 0.56 % diet. Consequently, the active transport of Fe in vitro was not enhanced by the anemia itself. To determine which segments in the small intestine respond adaptively to dietary Fe, groups of four weanling rats were fed the purified diet containing either 0.006 % or 0.56 % Fe for 5 weeks. Gut sacs were then prepared from various segments of the intestine of each rat and tested in vitro. The mean values illustrated in Fig. 4 Fe transport from the active transport of calcium, which is readily increased in the distal ileum following a diet low in Ca (I 3). The evidence supports the prior conclusion (6) that calcium and iron are absorbed by separate transport mechanisms. The active transport of Fe was also increased in the proximal duodenum of the golden hamster when the animals were fed a diet relatively low in Fe (6) .
Effect of pregnancy. The intestinal absorption and retention of FeSg is increased in the latter half of pregnancy in human subjects (14) , and pregnancy in the rat increases-the requirement for iron as judged by depletion of the hepatic stores (I 5, 16) . It was of interest, therefore, to examine the effects of late pregnancy on iron absorption in vitro and in vivo. Duodenal gut sacs were prepared from seven rats in the third week of pregnancy and from seven nonpregnant controls of the same age. The gut sacs were tested in vitro and the results are listed in Table 4 . Pregnancy increased the net transport of Fe to the serosal surface by 26 mpmoles/gut sacs, or I r 3 %, and the mucosal uptake by I 2 mpmoles/ gut sac, or only 6 %. The principal effect, therefore, was on the second step of the active transfer mechanism. Mean values for the Fe concentration ratios serosal/ mucosal were 2 .o and 4.7 for the nonpregnant and pregnant groups, respectively. The absorption of Fe 6g from duodenal loops in vivo was also increased in the third week of pregnancy, as indicated by the experiments in Table 5 . In ex@riment I, for example, the transfer of Fesg from intestine to bloodstream was increased by I I oo counts/min/loop, or I 37 %, and the mucosal uptake by 800 counts/min/loop, or 35 %. Therefore in vivo, as in vitro, the principal effect of pregnancy is on the second step of the absorptive mechanism.
DISCUSSION
Experiments described in the preceding report (6) indicate that iron is absorbed both in vitro and in vivo by an active transport mechanism. The present studies provide further evidence to support this conclusion. Oral iron administered as a dose of Fe++ or Fe* decreases both steps of the active transport, i.e., mucosal uptake and transfer to, or toward, the serosal surface. The mechanism of the inhibition is unknown, but it appears to be a direct effect of Fe on the intestine. The decrease in mucosal uptake could result from saturation of an essential carrier compound by increased stores of iron in the mucosal cells. But this hypothesis leaves unexplained the reduction in net transport to the serosal surface, and it seems necessary to postulate an effect of Fe which inhibits and thereby regulates the second step in the absorption.
As little as 0.1 mg of Fe given orally, i.e., less than one-half the daily requirement in the rat, resulted in detectable inhibition of the active transport mechanism. Consequently the adaptive responses of the intestinal transport to various levels of Fe in the diet could result from greater or lesser inhibition, similar to the effects of single doses of Fe. Our stock laboratory diet (Rockland rat diet, A. E. Stale); Mfg. Co., Decatur, Ill.), for exa'mple, contains 0.01 g % Fe, a concentration sufficient to maintain some inhibition of the transfer mechanism. When rats on the stock /diet are placed instead on a purified diet containing 0.006 % Fe (METHODS), the active transport is enhanced considerably.
The results in rats appear to differ from observations in human subjects (IO), where the dose of iron needed to diminish the It is interesting to compare the effects of pregnancy on each step of the active transfer mechanism with the corresponding effects of oral iron. When expressed as an absolute change from the control values, the effects of oral iron on the mucosal uptake step are greater than on the serosal transfer step. This pattern of response has also been noted for several experimental variables studied previously (6) . In contrast, pregnancy affects the second step in the transfer mechanism, both in vitro and in vivo, much more than the mucosal uptake. Therefore adaptive changes in iron absorption may involve difi'erent mechanisms of response, dependent on the nature of the stimulus.
The present experiments were designed to avoid several factors which may influence iron absorption in vivo. For example, the availability of the iron in various foods, the precipitation of insoluble iron salts in the intestinal lumen, the transit time through the intestine, and the formation of nonabsorbable iron complexes, e.g., with phytate or phosphate, all may limit iron absorption in the living animal. Nonetheless, the experimental results obtained under controlled conditions demonstrate a cellular mechanism in the intestine which appears to regulate iron absorption, and one of the functions of the active transport mechanism may be to ensure adequate absorption despite the factors listed above.
